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Abstract

Background Glioblastoma multiforme (GBM), a stage IV astrocytoma, is the most common brain malignancy among adults.
Conventional treatments of surgical resection followed by radio and/or chemotherapy fail to completely eradicate the tumor.
Resistance to the currently available therapies is mainly attributed to a subpopulation of cancer stem cells (CSCs) present
within the tumor bulk that self-renew leading to tumor relapse with time. Therefore, identification of characteristic markers
specific to these cells is crucial for the development of targeted therapies. Glycogen synthase kinase 3 (GSK-3), a serine—
threonine kinase, is deregulated in a wide range of diseases, including cancer. In GBM, GSK-3f is overexpressed and its
suppression in vitro has been shown to induce apoptosis of cancer cells.

Methods In our study, we assessed the effect of GSK-3p inhibition with Tideglusib (TDG), an irreversible non-ATP competi-
tive inhibitor, using two human GBM cell lines, U-251 MG and U-118 MG. In addition, we combined TDG with radiotherapy
to assess whether this inhibition enhances the effect of standard treatment.

Results Our results showed that TDG significantly reduced cell proliferation, cell viability, and migration of both GBM
cell lines in a dose- and time-dependent manner in vitro. Treatment with TDG alone and in combination with radiation sig-
nificantly decreased the colony formation of U-251 MG cells and the sphere formation of both cell lines, by targeting and
reducing their glioblastoma cancer stem-like cells (GSCs) population. Finally, cells treated with TDG showed an increased
level of unrepaired radio-induced DNA damage and, thus, became sensitized toward radiation.

Conclusions In conclusion, TDG has proven its effectiveness in targeting the cancerous properties of GBM in vitro and may,
hence, serve as a potential adjuvant radio-therapeutic agent to better target this deadly tumor.
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Glioblastoma Multiforme (GBM), grade IV astrocytoma,
is the most common central nervous system (CNS) tumor
in adults, accounting for 45.6% of primary malignant brain
tumors [1, 2]. It is an invasive and highly aggressive can-
cer that is rapidly fatal with an average median survival
of one year after diagnosis [3]. Current treatments include
surgical resection as a mainstay; however, the tumor is
barely entirely removed due to the surrounding infiltrat-
ing cells which evade the normal tissue and are hard to be
distinguished from one another [4]. Therefore, surgical
processes are often followed by radiotherapy up to 46 Gy
divided over 23 fractions, i.e., 2 Gy per fraction [5] and/
or chemotherapy mainly Temozolomide (TMZ) [3, 6,
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7]. Recently, studies have shown that TMZ—when com-
bined with radiotherapy—can significantly improve the
median survival of GBM patients [8, 9]. However, there
has been only minor improvements in the prognosis of
GBM patients due to an intrinsic tendency of the tumor to
develop radiotherapy and chemotherapy resistance [7, 10].

Despite advances in research, conventional treatment
regimens have failed to completely eradicate the tumor
due to the presence of a cancer stem cell (CSC) subpopula-
tion within the heterogeneous bulk of this tumor, leading
to recurrence and progression to a more aggressive form
[11-13]. Molecular analyses of GBM stem cells, known as
glioblastoma cancer stem-like cells (GSCs) [14], revealed
several genetic lesions and altered pathways that are impli-
cated in tumor pathogenesis, characterizing this aggres-
sive tumor. This has paved the way for investigating novel
therapies that are targeted against this cell subpopulation,
in an attempt to eradicate the tumor and prevent its recur-
rence [12, 15-17].

Among these molecular markers is glycogen synthase
kinase 3 beta (GSK-3f), a serine/threonine protein kinase
that plays a crucial role in the regulation of several cel-
lular pathways through its interaction with a wide array of
substrates, influencing cell structure, motility, and survival
[18]. The complexity of its effects explains the pivotal role
of its dysregulation in the pathogenesis of many diseases.
It has been proven to act as a promoter of inflammation,
playing a key role in the development of several chronic
pathologies including CNS diseases such as Alzheimer’s
disease [18, 19]. In cancer, the role of GSK-3p is still
debatable since it may act as a tumor promoter or a tumor
repressor depending on the type of cancer involved. In the
case of GBM, the expression and activity of GSK-3p has
been shown to be deregulated and its inhibition was shown
not only to affect tumor cell proliferation and survival, but
also to enhance its susceptibility to both ionizing radiation
and chemotherapeutic agents [7] and induce cellular apop-
tosis as well [20]. Therefore, inhibiting GSK-3 might rep-
resent a potential therapeutic strategy to target GBM.

Interestingly, Tideglusib, a GSK-3f inhibitor, has been
investigated in phase II clinical trials for Alzheimer’s dis-
ease and progressive supranuclear palsy [21, 22] and was
proven to be safe and well tolerated [23]. Unlike other
GSK-3f inhibitors, TDG is a non-ATP competitive inhibi-
tor, a property that allows it to have better selectivity for
GSK-3p on one hand and a lower IC50 value on the other
hand, avoiding cytotoxicity [24]. A study showed that
TDG specifically inhibits GSK-3f irreversibly and follows
a specific inhibitory mechanism linked to the presence of
Cys-199 [25]. Its effect on different cancer types has also
been investigated in vitro, such as in neuroblastoma [26],
ovarian teratocarcinoma [27], and prostate cancer [28].
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Based on what is mentioned above, we decided to inves-
tigate the potential use of TDG in the treatment of GBM by
assessing its effect on two human GBM cell lines U-251
MG and U-118 MG. In addition, since combinatorial treat-
ments have been shown to be efficacious in the treatment
of GBM, we wanted to investigate the effect of combining
TDG with radiotherapy, the first line of treatment in GBM
after surgery, and to assess the capacity of this combination
to better target the cancerous properties of GBM in vitro, in
2D and 3D culture systems (Fig. 1). Therefore, the purpose
of this study was to introduce TDG as a novel therapeutic
approach to treat GBM and to inspect whether this drug
might ameliorate the effect of radiation, in an attempt to
improve the quality of life of GBM patients.

Materials and methods
Cell culture and treatment

U-251 MG (ECACC® 09,063,001; RRID:CVCL_0021)
[29] and U-118 MG (ATCC® HTB-15™, USA;
RRID:CVCL_0633) [29, 30] cells were cultured and main-
tained in Dulbecco’s Modified Eagle Media (DMEM) Ham’s
F-12 (Sigma-Aldrich; cat #D8437) supplemented with 10%
heat inactivated fetal bovine serum (FBS) (Sigma-Aldrich;
cat #F9665), 1% Penicillin/Streptomycin (Biowest; cat
#L.0022-100), and 0.2% Plasmocin™ prophylactic (Invi-
vogen; cat #ant-mpp). Cells were incubated at 37 °C in a
humidified incubator containing 5% CO,. The drug Tide-
glusib (TDG) was purchased from Sigma-Aldrich (cat
#SML0339-10MG; Lot # 123M4615V and 016M4605V)
and was reconstituted in 0.1% dimethyl sulfoxide (DMSO;
Amresco; cat #0231-500ML), per manufacturer’s
instructions.

Overexpression of GSK-3B
in Glioblastoma Multiforme (GBM)

Tideglusib + Radiotherapy

WD

Fig. 1 Schematic illustration showing the combinatorial effect of
tideglusib and radiotherapy and its capacity in inhibiting GSK-3f
overexpression in glioblastoma multiforme (GBM)
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Irradiation

Cells were radiated with a 225-kV Precision X-Ray (PXi)
irradiator model No X-RAD 225. Radiation was performed
at 3 Gy.min™! and a 1.5-mm Aluminum filter was used.
All cells were radiated at a dose of 2 Gy equivalent to the
dose given to patients per radiotherapy session in clinics.

MTT/Cell viability assay

The anti-proliferative effect of TDG was measured
in vitro using MTT ([3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide]) (Sigma-Aldrich; cat
#M5655-1G) assay according to the manufacturer’s
instructions [31-33]. Briefly, U-251 MG and U-118 MG
cells were seeded (2 x 10* cells/well) in 100-pL complete
growth medium in 96-well plates and incubated overnight
at 37 °C, 5% CO,. Cells were treated with different con-
centrations of TDG (5 pM, 25 pM, or 50 pM) for 24, 48
and 72 h. At each time point, media was removed and
replaced with fresh media along with 10pL/well of the
MTT yellow dye (5 mg/mL in DMSO) and incubated for
4 h, after which 100pL of the solubilizing agent was added
to each well and left overnight. The absorbance intensity
was measured by the microplate ELISA reader (Multiscan
EX) at a wavelength of 595 nm. The percentage of cell
proliferation was presented as an optical density (OD) ratio
of the treated to the untreated cells. Two-way ANOVA, fol-
lowed by Bonferroni multiple comparisons test, was done
to compare the means of the different conditions to that
of the control group within the three different time points.

Trypan Blue/Cell exclusion assay

The effect of TDG on cell viability was measured in vitro
using trypan blue assay [34]. U-251 MG and U-118 MG
cells were cultured in 24-well plates (2 X 10* cells/well)
and incubated at 37 °C, 5% CO, After reaching 60-70%
confluency, cells were treated with different concentra-
tions of TDG (5 pM, 25 pM or 50 pM) for 24, 48 and
72 h. At each time point, cells were trypsinized and via-
ble ones were counted using a hemocytometer under an
inverted light microscope after staining cell suspensions
with Trypan blue. The percentage of cell viability was
presented as a ratio of viable cells counted in treated to
untreated conditions. Two-way ANOVA, followed by Bon-
ferroni multiple comparisons test, was done to compare
the means of the different conditions to that of the control
group within the three different time points.

Wound healing assay

The effect of TDG on cell migration was assessed in vitro
using wound healing assay. U-251 MG and U-118 MG cells
were cultured in 12-well plates (10° cells/well) and incu-
bated at 37 °C, 5% CO,_After reaching 80-90% confluency,
cells were treated with 10 mg/mL of Mitomycin C (Sigma-
Aldrich; cat #M0503-5x2MG) for 1 h to inhibit cellular
proliferation, after which two uniform scratches of similar
width were made using a sterile 200-uL micropipette tip.
Prior to the addition of TDG to the treatment conditions,
cells were washed twice with PBS to remove Mitomycin
C and thus, no direct effect was present between TDG and
Mitomycin C. In fact, the main purpose behind using Mito-
mycin C is to inhibit cellular proliferation while maintain-
ing the migration potential of cancer cells. Plates were then
washed twice with Dulbecco’s phosphate-buffered saline
(D-PBS) (Sigma-Aldrich; cat #D8537-500ML) to elimi-
nate the detached cells. The remaining cells were cultured in
complete growth media as control (untreated) or treated with
25 uM of TDG. Bright-field images were taken at different
time points (0, 6, 18, 24 and 48 h) until the wounds closed
completely in the untreated group (control). The distance of
the wound was measured using Zen Software (Zen 2.3) and
the distance traveled by the cells enumerated the closure of
the wounds. Two-way ANOVA was performed followed by
Bonferroni multiple comparisons test to compare the mean
of the treated conditions to that of the control and within the
different time points chosen.

Cell survival/clonogenic assay

The effect of TDG and irradiation on the colony-forming
ability of the cells was assessed in vitro using the clonogenic
assay. Cells were cultured in 6-well plates and incubated at
37 °C, 5% CO,. Upon reaching 70% confluency, clonogenic
assay with the delayed plating technique was performed:
cells were either irradiated with a dose of 2 Gy or treated
with different doses of TDG (5 pM and 25 pM) and incu-
bated for 24 h; while, others were treated with TDG for 24 h
then irradiated with a dose of 2 Gy and incubated for another
24 h. After the period of incubation, cells were re-seeded
in 6-well plates at two different concentrations (1 x 10° and
2 10? cells/well) which were chosen based on the best plat-
ing efficiency of each cell line. After an incubation period of
7 days, cells were fixed with 95% ethanol, washed with PBS,
stained with crystal violet, and washed with distilled water.
Stained colonies with more than 50 cells each were counted
[35]. Surviving fraction (SF) was presented as a percent-
age of counted colonies in treated conditions to number of
counted colonies in control group. One-way ANOVA fol-
lowed by a Bonferroni multiple comparisons test was done
to compare the means of the treated conditions (TDG or
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TDG +RT) to that of the control, and a parametric unpaired
t-test was done to compare the mean of RT-treated condition
with that of the control.

Immunofluorescence

Cells were grown in 24-well plates on 12-mm glass cover-
slips placed at the bottom of each well (2 10* /well). After
incubation, cells were either irradiated with a dose of 2 Gy
and fixed at specific time points, treated with TDG for 24 h
and then fixed, or treated with TDG for 24 h followed by
irradiation of 2 Gy and then fixed. The time points for fixa-
tion were at 10 min and 24 h post-irradiation. Cells were
fixed with 4% paraformaldehyde for 15 min at room tem-
perature and permeabilized using 0.1% Triton X-100 solu-
tion for 3 min at 4 °C. After fixation, immunofluorescence
assay was performed. Cells were first incubated with Anti-
YH2AX (ser139) antibody (dilution 1:500) (Millipore; cat
#05,636) for 1 h at 37 °C, then with goat anti-mouse second-
ary antibody (Alexa Fluor 488 goat anti-mouse IgG) (dilu-
tion 1:100) for 20 min at 37 °C. Then, the coverslips were
mounted using Fluoroshield Mounting Medium with DAPI
(4',6'Diamidino-2-Phenyl-indole) (Abcam; cat #ab104139)
and examined with Zeiss LSM 710 confocal fluorescent
microscope. Two-way ANOVA followed by Bonferroni mul-
tiple comparisons test was done to compare the mean of all
conditions within one another at the three given time points.
In addition, a one-way ANOVA was performed to compare
the means of treated conditions at a single time point (24 h),
followed by Bonferroni multiple comparisons test.

Western blotting analysis

U-251 MG and U-118 MG cells were cultured in T25
flasks and incubated at 37 °C, 5% CO, until they reached
70% confluence. Flasks were randomly assigned as control
(untreated) and treated with a concentration of 25 puM of
TDG for 24 h. The plates were then washed with PBS to
remove any residual media. Adherent cells were treated
with radioimmunoprecipitation (RIPA) buffer (0.1% sodium
dodecyl sulfate (SDS) (v/v), 0.5% sodium deoxylate (v/v),
150 mM sodium chloride (NaCl), 100 mM EDTA, 50 mM
Tris—HCI (pH = 8), 1% Tergitol (NP40) (v/v), | mM PMSF,
and protease and phosphatase inhibitors (one tablet of each
in 10 mL buffer, Roche, Germany)), scraped off the plates,
transferred into micro-centrifuge tubes and incubated on
ice for 30 min. Sonication was used to maximize the pro-
tein yield. Lysates were then centrifuged at 13,600 rpm for
20 min at 4 °C, to pellet the cell debris.

Protein quantification was performed using DC™ Pro-
tein Assay (Bio-Rad) as per the manufacturer’s recom-
mendations, with serial dilutions of bovine serum albumin
(BSA) (v/v) (Amresco; cat #0332-100G) taken as standards.
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Aliquots of proteins of equal amounts (50 pg) were mixed
with sample buffer (with 5% p-mercaptoethanol) and sepa-
rated on 12% SDS-PAGE gel. Proteins were transferred into
PVDF membranes (Bio-Rad Laboratory, CA, USA) for 2 h,
and were later blocked using 5% milk in Tris-buffered Saline
(TBS) with 0.1% Tween-20. The blots were incubated over-
night at 4 °C with specific mouse primary antibodies in TBS
with 5% BSA, targeting: phosphorylated GSK-3p (Ser9)
(1:500 dilution; Cell Signaling Technology; cat #9323), total
GSK-3p (1:1000 dilution; Cell Signaling Technology; cat
#27C10) and GAPDH (1:5000 dilution; Novus Biologicals;
cat #NB300-221) as a loading control. Then, membranes
were incubated at room temperature for 2 with HRP-con-
jugated secondary antibodies as follows: mouse anti-rabbit
(1:1000 dilution; Santa Cruz; cat #sc-2357) and mouse IgGk
BP (1:1000 dilution; Santa Cruz; cat #sc-516102). Bands
were then detected by enhanced chemiluminescence (ECL)
using ChemiDoc MP Imaging System (BioRad) and were
analyzed using ImageJ software (RRID:SCR_003070). A
parametric unpaired t-test was done to each cell line sepa-
rately to compare the mean of treated group to that of the
control.

3D culture and sphere-formation assay

U-251 MG and U-118 MG cells were cultured in growth
factor-reduced (GFR) Matrigel™/serum-free DMEM F-12
Ham (1:1) at a concentration of 4 x 10% cells/well in a total
volume of 50 pl. The solution was plated gently around the
bottom rim of individual wells of 24-well plates in a uniform
circular manner and Matrigel™ (Corning Life Sciences; cat
#354,230) was allowed to solidify for 1 h at 37 °C, 5% CO,.
Next, cells plated in Matrigel™ were either radiated with a
dose of 2 Gy, treated with TDG (0.1 pM, 1 pM, or 5 pM), or
irradiated (2 Gy) and treated with TDG (0.1 pM or 1 pM).
The media were gently added to the center of each well and
consisted of 0.5 mL of DMEM with 5% FBS per well, with
or without treatment, and were replenished every 2-3 days.
Spheres were counted at day 7 after plating (U-118 MG) or
atday 9 (U-251 MG) and the sphere-forming unit (SFU) was
calculated as a percentage of the number of spheres counted
to the number of input cells. Carl Zeiss Zen 2012 image
software was then used to analyze sphere images to quantify
the average size of U-251 MG and U-118 MG spheres with
or without the different treatments. Data represent the aver-
age area (pm?) of spheres from three independent experi-
ments, where average size of 30 spheres per condition per
experiment was considered. One-way ANOVA was done
to compare the means of the treated conditions (TDG or
TDG +RT) to that of the control, and a parametric unpaired
t-test was done to compare the mean of RT-treated condition
with that of the control.
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Data analyses

Statistical analysis was performed using GraphPad Prism
7 Software. Data presented are the means + SEM of three
separate experiments. The significance of the data was ana-
lyzed using a simple t-test, one-way ANOVA and two-way
ANOVA statistical tests, followed by multiple comparisons
test using Bonferroni post hoc analysis. Statistical signifi-
cance was reported when the p-value was less than 0.05
(*p<0.05; **p <0.01; ***p <0.001).

Results

Tideglusib reduces cell proliferation and viability
of U-251 MG and U-118 MG cell lines

The in vitro effect of increasing concentrations of TDG on
cell proliferation and cell viability of human GBM cell lines,
U-251 MG and U-118 MG, was assessed using MTT assay
(Fig. 2a and b) and trypan blue exclusion assay (Fig. 2c and
d), respectively. TDG significantly inhibited the prolifera-
tive ability and cell viability of both cell lines in a time- and
dose-dependent manner. After 48 h of treatment with 25 pM
TDG, cell proliferation was inhibited by approximately
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Fig.2 Tideglusib reduces cell proliferation and viability of human
glioblastoma cell lines in a time- and dose-dependent manner in vitro.
After incubation of the two cell lines U-251 MG and U-118 MG for
24, 48, and 72 h with or without TDG, cell proliferation was deter-
mined using the MTT assay (a, b). Cell viability was assessed using
the trypan blue exclusion assay; cells were treated with increasing
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50% for U-251 MG and 60% for U-118 MG (p=1.1x107;
Fg30=9.58). Similarly, the cellular viability of U-251 MG
significantly decreased by 50% after 24 h of treatment with
5-uM TDG (p =6.0413E-06; Fg 5,=0.95). As for U-118
MG, the viability decreased significantly by 50% after 48 h
of treatment with 25-uM TDG (p =0.00036; Fg 3,=0.65).
We decided to proceed the following experiments with either
5-uM or 25-uM TDG based on two main reasons: (1) almost
half of the cells were dead at this concentration either at 24 h
or at 48 h post-treatment, and (2) at very high concentra-
tions of TDG, crystals of this drug were formed and were
suspected to affect the environment surrounding the cells;
thus, we refrained from the use of such high concentrations
to limit the external factors directly affecting the cells.

Tideglusib inhibits the migratory ability of U-251
MG and U-118 MG cell lines

We next investigated the effect of TDG on the migration
ability of both cell lines using a scratch/wound healing
assay in which the cells were either left untreated (control)
or treated with 25 pM of TDG. Cells were treated with
Mitomycin C to inhibit cellular proliferation prior to wound
formation (Fig. 3a). Results revealed that while the wound
almost completely healed in the untreated group after 48

U-118 MG
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doses of TDG for 24, 48, and 72 h (¢, d). Two-way ANOVA was
done followed by a Bonferroni multiple comparisons test. Results
are expressed as a percentage of treated versus the control group.
Data represent an average of three independent experiments and
are expressed as mean+SEM (error bars). (¥p<0.05; **p<0.01;
*#%p <0.001)
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Fig.3 Tideglusib reduces the migratory potentials of human glioblas-
toma cell lines in vitro. a Representative bright-field images show-
ing the effect of 25-uM TDG on cell migration. Images of the scratch
made were taken at T=0, 6, 18, 24 and 48 h post-wound formation in
the control wells (without TDG) and in the treated wells. The cancer-
ous property of migration was assessed by quantifying the wound clo-
sure over time. Magnification =5x; Scale bar=200 pm. The wound in
untreated cells closed at 48 h and 24 h for U-251 MG and U-118 MG,

and 24 h in U-251 MG and U-118 MG cell lines, respec-
tively, TDG significantly suppressed wound closure in the
treated conditions by almost 50% in U-251 MG and 70% in
U-118 MG (Fig. 3b and ¢) (p=6.99129E-06; Fg 3,=3.14 and
p=10"% Fg3,=17.55, respectively), suggesting an inhibi-
tion of the cells’ migratory abilities by the drug.

Tideglusib inhibits GSK-3

The direct effect of Tideglusib on its target GSK-3p was
assessed using western blot by detecting the differences
in protein expression between the treated and untreated
lysates. TDG was able to increase the protein expres-
sion of p-GSK-3f (ser9), the inhibited form of GSK-3p to
3.92 (p=0.0123; t=4.3392; DF=4) and 1.29 (p=0.27;
t=1.2791; DF=4) for U-251 MG and U-118 MG, respec-
tively (Fig. 4a and b; Supplementary Figure S1 and S2).

The combination of Tideglusib and radiation
reduces the colony formation of U-251 MG cell line

Clonogenic assay was performed on U-251 MG cell line

only since U-118 MG cells were unable to form colonies.
A low dose of 5-uM TDG was able to reduce the surviving
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respectively, while TDG was able to significantly inhibit the migra-
tion of both cell lines at different time points. At 48 h post-treatment,
TDG halted cell migration of U-251 MG by 45% (b) and by almost
70% for U-118 MG (c). Two-way ANOVA was done followed by
Bonferroni multiple comparisons test. Results are expressed as a per-
centage of treated versus the control group at different time points.
Data represent an average of three independent experiments and are
expressed as mean+SEM. (¥p <0.05; ***p <0.001)

fraction of U-251 MG by 10% (p=0.120461367; F, ;=2.3),
while a higher dose of 25 uM significantly reduced the col-
ony formation by 60% (p=3.37033E-05; F, (=12.39248)
(Fig. 5a). A single dose of 2 Gy, clinically applied per one
session of radiotherapy, reduced the colony formation by
50% (p=1.78771E-05; t=24; DF=4) (Fig. 5b). However,
when combined, 25-uM TDG + 2 Gy were able to signifi-
cantly reduce the colony formation by 80% (p=7.74E-08;
F,=34.61939) (Fig. 5c) displaying an additive effect
between both treatments.

Tideglusib sensitizes U-251 MG and U-118 MG cell
lines to X-ray radiation

Since the double-strand breaks are the most dangerous type
of DNA damage caused by radiation, we decided to study the
repair of DNA double-strand breaks (DSBs) using immu-
nofluorescence by assessing the appearance and disappear-
ance of YH2AX foci at different time points after exposure of
U-251 MG and U-118 MG cell lines to ionizing radiation (IR)
alone or in combination with different concentrations of TDG
(Fig. 6a and c). A single dose of 2 Gy induced 65 +3.9 foci in
U-251 MG and 73+7.3 in U-118 MG 10 min post-IR. Gener-
ally, the number of YH2AX foci, detected 10 min post-IR, was
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Fig.4 Tideglusib selectively inhibits GSK-3 by increasing expres-
sion of its inhibited form, phosphorylated at Serine 9 (p-GSK-3f
Ser 9). After treating cells with 25 pM TDG, proteins were extracted
using RIPA buffer, and used to detect differences in expression of the
phosphorylated form of GSK-3f (Ser 9). a Bands were detected by
enhanced chemiluminescence (ECL) using ChemiDoc MP Imaging
System. b Protein expression was quantified using Imagel software,
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Fig.5 Tideglusib when combined with RT decreases the colony
formation of U-251 MG most efficiently. Clonogenic assay with the
delayed plating technique was performed after 24 h of treatment with
(i) TDG (5 uM and 25 uM) (a), (ii) radiation at a dose of 2 Gy (b)
and (iii) the combination of TDG (5 uM and 25 uM) +RT (2 Gy)
(¢). The surviving fraction of cells treated with TDG or TDG+RT is
referred to as SF, while that of cells treated with 2 Gy is referred to as

significantly higher for all combinatorial treatments as com-
pared to radiation alone (Fig. 6b and d) and was dose depend-
ent in U-251 MG. On the other hand, the residual number
of YH2AX foci decreased significantly 24 h post-IR reaching
3+0.5 (p=10"% F, ,,,=68.6937) and 3.6+ 1.6 (p=10""%;
F, 226=63.9193) foci in U-251 MG and U-118 MG, respec-
tively. However, when cells were treated with the combination
of TDG +RT, a higher residual of YH2AX foci number was
reached as compared to the radio-induced YH2AX foci 24 h
post-radiation, indicating the potential of TDG in sensitizing
GBM to radiation.

2Gy Control 5uM+2Gy 25,M+2Gy

SF2. Results are expressed as the percentage of counted colonies in
treated conditions/colonies counted in untreated group (control). One-
way ANOVA (with Bonferroni post hoc) and #-test were done to ana-
lyze the different treatment conditions. Results are expressed as a per-
centage of treated versus the control group. Data represent an average
of three independent experiments and are expressed as mean=+ SEM.
(*¥**p <0.001)

Tideglusib in combination with radiation therapy
decreases the sphere-forming capacity and the size
of U-251 MG and U-118 MG spheres

Sphere-formation assay was performed in which U-251
MG and U-118 MG cells were cultured in Matrige]™ for
9 and 7 days, respectively. The sphere-forming ability,
and hence the cancer stem-like properties of GBM cell
lines, was assessed in treated versus non-treated cells. The
obtained spheres were visualized and counted using an
inverted light microscope and images were taken using the
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Fig.6 Tideglusib increases
YH2AX foci. (a, ¢) Representative images of immunofluorescence
staining of yH2AX foci. Every green dot represents the number
of DSBs induced by both treatments in U-251 MG and U-118 MG
glioblastoma cell lines. Magnification=100x; Scale bar=10 um.
(b, d) Quantitative representation of counted foci under the confo-
cal microscope. The number of YH2AX foci at each condition rep-
resents the average foci number of thirty nuclei. 0 min includes the
untreated condition (without TDG nor RT), and the cells treated with

ZEN software (Fig. 7). Analysis of the number and size of
the spheres included the sphere-forming unit (SFU) and
the average area of spheres. The SFU of both cell lines
decreased significantly when treated with TDG (Fig. 7a),
was dose dependent and more prominent than RT alone
(Fig. 7b). However, the most noticeable effect on sphere
count was observed upon the combination of both treat-
ments (Fig. 7¢). Likewise, the combinatorial effect of
TDG and RT was able to drastically reduce the size of
both U-251 MG and U-118 MG spheres even at the lowest
concentration of 0.1 uM, while the concentration of 5 uM
TDG when combined with RT was able to diminish most
spheres (data not shown on the figure). So, we chose not to
use 5 uM TDG in the combination experiments in 3D since
we cannot perform the analyses of SFU on spheres with
a size <40 pm. This is due to the fact that the diameter
limit for a spheroid to be considered as such was 40 pm,
as described by Sart et al. [36]. For instance, if we take
U-251 MG cell line when treated with a concentration of
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5- or 25-uM TDG (without RT). 10 min and 24 h represent the time
points assessed post-radiation of cells treated with RT only (no TDG)
or TDG +RT. Two-way ANOVA was done followed by a Bonferroni
multiple comparison test while a one-way ANOVA with Bonferroni
correction was done to assess the data at 24 h. Results are expressed
as the average number of foci counted in every condition. Data repre-
sent an average of three independent experiments and are expressed
as mean + SEM. (*p <0.05; ***p <0.001)

0.1 uM TDG, the mean of the SFU was 3.71% (SD=0.07;
SEM =0.04) (p=0.00168; F, ;,=128.6215), and when
irradiated with 2 Gy, the mean was 3.03% (SD =0.329009;
SEM=0.19) (p=0.0233; t=3.57; DF=4). However,
when treated with the combination of both TDG + RT, the
mean significantly decreased to 2.58% (SD =0.190526;
SEM=0.11) (p=0.0048; F, 4 =29.74693). A similar pat-
tern was followed by the sphere sizes (area) of both cell
lines. It is noteworthy mentioning that a robust inhibi-
tory effect of TDG on GSCs formation was noted at a
much lower concentration of the drug as compared to 2D
cultures. This could be explained by the notion that grow-
ing cells in 2D monolayers differs from growing them in
3D as GSCs using the sphere-formation assay. The latter
allows the formation of GBM spheres with self-renewing
properties in a 3D culture matrix that resembles the native
microenvironment. Henceforth, different concentrations of
drugs might instigate differential effects between 2 and 3D
cultures, as demonstrated in our study.
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Discussion

Glioblastoma multiforme (GBM), stage IV astrocytoma,
represents one of the most aggressive, malignant, and
infiltrative primary brain tumors [37, 38]. Treatment plans
for GBM include maximal surgical resection of the infil-
trated tissue followed by radiation and/or chemotherapy.
However, despite all efforts made, life expectancy does
not exceed a couple of months due to the poorly defined
target volume during surgical procedures and to the high
resistance and recurrence rates of GBM [39]. The low effi-
ciency of available treatments in providing a better prog-
nosis is mainly attributed to the presence of cancer stem
cell (CSC) population within the tumor bulk, known as
glioblastoma cancer stem-like cells (GSCs) [37]. GSCs are
slowly dividing cells with the unique ability to self-renew
and differentiate into various cell lineages [14], allowing
them to escape conventional treatments, generate multi-
drug resistant cancer cells, and reconstitute a more aggres-
sive tumor [14, 40]. Thus, it is necessary to develop novel
therapies that are able to target those GSCs and enhance
the effect of conventional treatments, as it has been well
acknowledged that combinatorial approaches might be
more efficient in treating adult brain tumors [37].

The progression of different types of tumors and the
maintenance of stem-like properties have been linked to
alterations in distinct cellular signaling pathways includ-
ing Notch, Sonic hedgehog (SHH), Wnt/p-catenin path-
ways and p53 [14, 41]. To maintain the activation of
these pathways and others, several key molecules are
implicated, including GSK-3f [42, 43]. However, the role
of GSK-3p in tumorigenesis and cancer progression is
still debatable, since it functions as a tumor suppressor
in some cancers while promoting growth in others [43,
44]. In glioma, GSK-3p acts as a tumor promoter and is
responsible for increased invasion and decreased apopto-
sis, in addition to the radio- and chemotherapy resistance
[45]. In fact, studies have shown that inhibiting GSK-3f
in glioma increased the expression of apoptosis-related
molecules through the increased activity of c-MYC while
also decreasing pro-survival signals via the inhibition of
NF-kB [46]. A recent study revealed that knock-down
of GSK-3p in a glioma cell line promoted apoptosis and
induced cytotoxicity [20]. Interestingly, this molecule has
been implicated in the pathogenesis of several CNS dis-
eases including Alzheimer’s disease, Parkinson’s disease,
progressive supranuclear palsy, and non-insulin-dependent
diabetes mellitus [43]. Tideglusib (TDG), a drug currently
in Phase II clinical trials for Alzheimer’s disease and pro-
gressive supranuclear palsy and showing minimal adverse
effects, is a non-ATP competitive GSK-3p inhibitor [25,
47]. Therefore, we thought of using TDG as a potential

therapeutic target against GSCs and to combine this drug
with radiotherapy, the first line of treatment in GBM after
surgery, in an attempt to study the efficiency of this com-
bination in targeting GSCs population.

Our study showed that TDG was able to significantly
inhibit cell proliferation and viability in a time- and dose-
dependent manner in two GBM cell lines, U-251 MG and
U-118 MG. In addition, TDG was also able to inhibit cell
migration in both cell lines, suggesting that GSK-3p may
play a key role in the invasiveness of GBM tumors, hence its
inhibition as an adjunct to radiotherapy and/or chemotherapy
could further halt disease progression and spreading to intact
brain tissue. To further validate our results, we showed that
the protein level of phosphorylated GSK-3f increased after
treatment with TDG, confirming its inhibition. So far, our
findings are in agreement with the results from the previ-
ously published studies concerning other CNS tumors which
have shown that TDG was able to inhibit GSK-3f and induce
apoptosis in neuroblastoma cell lines SH-SY5Y, SK-N-SH
[48] and in IMR32, via the generation of reactive oxygen
species (ROS) [26].

After assessing the ability of TDG in suppressing the
tumorigenic properties of the GBM cell lines mentioned
above, we sought to determine the effect of a combinatorial
treatment of TDG with radiation on GSCs in order to assess
whether TDG could ameliorate the response of cancer cells
to radiation and, hence, provide a better therapeutic out-
come. We performed clonogenic assay in order to track and
compare the long-term effect of the two treatment modalities
when applied alone and in combination on U-251 MG cells.
Our results indicated that the colony-formation of U-251
MG decreased the most when cells were treated with the
combination of TDG and RT as compared to when treated
with each one alone.

Knowing that the most dangerous and lethal type of
DNA damage induced by radiation are double-strand breaks
(DSBs) [49], we performed immunofluorescent staining of
YH2AX in order to quantify the damage caused by radiation,
TDG and the combinatorial treatment on both GBM cell
lines. Results showed that radio-induced DSBs were almost
repaired 24 h after irradiation (IR) which is in accordance
with the literature [49]. Treatment with TDG alone did not
induce DNA DSBs; however, it was able to sensitize both
cell lines to radiation by increasing the number of unrepaired
DSBs residing 24 h post-IR. Such breaks were indicated by
the increased number of residual yYH2AX at that time point.
According to the previous studies, the number of residual
yH2AX foci is directly related to cell death and, therefore,
determines the fate of these cells [49-51].

Finally, we studied the effect of TDG and RT on the
sub-population of GSCs in U-251 MG and U-118 MG cell
lines using the 3D spheres culture assay with Matrigel™
in vitro [52, 53]. Our results showed that TDG inhibited the
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sphere-forming ability of both cell lines and decreased the  even at a very low dose of TDG (0.1 uM). Based on this exper-
size of the formed spheres in a dose-dependent manner, while iment, we demonstrated that TDG was effective in targeting
radiation had a mild effect on both mentioned characteristics. ~ the GSC population and that its effect on the sphere-forming
Moreover, upon combination of the two treatments, the effi-  ability of the cells was increased by five folds while that on
ciency of radiation on targeting GSCs increased significantly, sphere size by 50 folds upon combination with radiation.
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«Fig.7 Effect of TDG on the sphere-forming ability and sizes of
human glioblastoma cell lines. a Representative bright-field images
of GI1 spheres with or without increasing concentrations of TDG
treatment (a), RT (2 Gy) b and the combination of both (¢). Images
were visualized by Axiovert inverted microscope and analyzed by
Carl Zeiss Zen 2012 image software. Magnification=20x; Scale
bar=50 pm. Mature spheres of U-251 MG and U-118 MG were
counted at day 9 and day 7, respectively, then analyzed and the
sphere-forming unit (SFU) of each cell line was calculated for all
conditions using the formula: SFU=(number of spheres counted/
number of cells seeded)x 100. The average size of 30 spheres was
analyzed using ZEN software and the area of spheres was calculated
accordingly (um?). Both the SFU and the sphere area decreased most
efficiently after combining RT with TDG. One-way ANOVA and
t-test were done to analyze the different treatment conditions. Results
are represented as mean + SEM (¥p <0.05; **p <0.01; ***p <0.001)

Thus, using a smaller concentration of TDG, we were able to
target GSCs more efficiently than radiotherapy alone, and by
combining both treatments, the properties of GSCs decreased
drastically.

Despite the fact that our study is the first to show the effect
of TDG combined with radiation therapy on the highly resist-
ant GSCs, we believe that it holds several limitations. There-
fore, future experiments must follow to study the effect of
TDG on more GBM cell lines in vitro and experiments in vivo
must be conducted as well. More specifically, we acknowledge
that it is of utmost importance to assess the combined effect
of TDG and radiation therapy using MTT, trypan blue, GSK
expression, and wound healing assays among other experi-
ments at a functional level. In addition, since the mechanism
of action of inhibited GSK-3f in GBM is still unknown, it is
important to conduct experiments at the molecular level to
determine the interaction between this kinase and the pathways
affected by its inhibition and the ones involved in targeting
the GSCs. We also acknowledge that it would be interesting
to assess GSC origin using GBM molecular CSC markers
in subsequent future studies. Yet, as a principle of proof, we
believe that performing the sphere-formation assay serves as
a functional assay to enrich for cells with stem-like progenitor
characteristics; therefore, only cells with such potential will
form spheres in 3D. Moreover, it would be very interesting
to further investigate the role of TDG in inducing more dam-
age upon its combination with RT, at the molecular level, by
studying repair proteins such as pATM (phosphorylated ataxia
telangiectasia mutated), KU86, KU70, XRCC4 (X-ray repair
cross-complementing protein 4) and others. Based on future
experiments, our data might hold a great promise for a poten-
tial treatment of GBM.

Conclusion

Although the exact mechanism of GSK3-f in glioma is
still unknown, we were able to prove that inhibiting this
kinase with TDG, a non-ATP competitive GSK-3f inhibi-
tor, might generate a novel therapeutic model for targeting
glioma cells and more precisely the GSCs. We concluded
also that the combination of TDG, even at low doses, with
a conventional treatment might serve as a new strategy to
optimize the effect of radiation on GBM.
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